Lightweight (LW) piglets from large litters display impaired growth performance compared with heavier littermates. This study investigated the growth performance and muscle development of early-weaned LW piglets (birthweight <1.2 kg) from large litters (17.3 ± 3.0 total born per litter), fed ad libitum a milk replacer supplemented with either l-carnitine (CAR) or l-arginine (ARG) from day 7 to day 28 of age. In total, 36 female and entire male Swiss Large White piglets, weaned on day 7 of age, were artificially reared in pairs in rescue decks. They were allocated to one of three dietary treatments: unsupplemented control (CON), 0.48 g l-carnitine·piglet ·day −1 (ARG). Milk replacer was prepared daily in a 1:4 powder-to-water ratio and fed ad libitum. Piglets were weighed at birth and on days 7, 14, 21 and 28.
| INTRODUCTION
Increased litter size, a large within-litter variation and decrease in the average birthweight (BtW) of the litter are all consequences of selection for hyperprolific sows in the commercial pig production (Rutherford et al., 2013) . Simultaneously in such sows, milk yield and number of functioning teats does no longer correspond to the number of piglets in the litter (Andersen, Naevdal, & Boe, 2011) . This compromises the growth of the piglets in a way that they are unable to reach their full potential (Harrell, Thomas, & Boyd, 1993) . Furthermore, lightweight (LW) piglets display impaired growth performance in the nursery (Deen Parr, Gabert, & Baker, 2001; Theil, Kristensen, Jorgensen, Labouriau, & Jakobsen, 2007) . Being important for growth (Kim & Wu, 2004) , the semi-essential amino acid arginine (ARG) is involved in the protein synthesis signalling pathway of the mammalian target of rapamycin (mTOR) (Yao et al., 2008) . Its content is substantially lower in commercial milk replacer compared with sow milk (0.7 vs. 1.3 g/kg DM). l-carnitine (CAR) is another compound which when fed to conventionally reared piglets, has shown to increase the number of myofibres in the early post-natal period (Lösel, Kalbe, & Rehfeldt, 2009 ). In a recent study, we observed a greater ratio of lactate dehydrogenase to either citrate synthase with CAR and β-hydroxyacyl-CoA dehydrogenase activity with ARG-supplemented milk replacers (Madsen, Kreuzer, & Bee, 2014) . Thus, the relative importance of the glycolytic compared with the oxidative pathway was greater in the semitendinosus muscle of supplemented LW pigs suggesting that these supplements were beneficial for muscle maturation. However, because in that study milk replacer was offered restrictively several times a day based on previous recommendations (60 g DM/kg body weight (BW) (Kim & Wu, 2004) ), weaning weights at day 28 were low and independent of the dietary treatment. In the present study, the hypothesis was to test the effect of l-arginine and l-carnitine supplements to milk replacer under ad libitum feeding conditions in combination with artificial rearing during the nursery phase on both muscle development and growth performance of LW piglets from hyperprolific sows.
| MATERIALS AND METHODS

All procedures involving animals used in this study was approved by
The Cantonal Committee for Animal Care and Use (2012_39_FR). Every day prior to feeding all piglets were controlled for health condition. In case of diarrhoea, they were treated with either Borgal (Virbac group, Carros, France) or Colivet (Prodivet pharmaceuticals, Hagbenden, Belgium). In rare severe cases, both Borgal and Colivet was provided.
| Animals, treatments and experimental conditions
A total of 36 piglets (18 females and 18 entire males) from Swiss Large White sows (parity one to seven) were used in the experiment. Piglets originated from 13 litters with an average size of 17.3 ± 3.0 (mean ± standard deviation) total born piglets and average litter BtW of 1.27 ± 0.10 kg. Piglets with the lowest day 7 body weight (BW), on average weighing 1.18 ± 0.15 kg, were selected. These were often, but not exclusively, those with the lowest BtW. Always two piglets were weaned together on day 7 after birth. Selection aimed at achieving similar BtW and day-7 BW within couple of piglets and dietary treatments (realized: control (CON): 2.11 ± 0.17 kg, CAR: 2.03 ± 0.35 kg and ARG: 2.12 ± 0.34). Piglets were weaned in customized rescue decks (0.49 m × 1.1 m, semi-slatted floor), and remained there for 21 days. The customized rescue decks were designed to fulfil legal space requirements. The selected piglets were blocked by BtW and day-7 BW and randomly allocated within block to one of the three dietary treatments: CON (n = 12), CAR (n = 12) and ARG (n = 12). Sex was balanced between blocks with six males and six females in each dietary treatment. To acquire the desired number of animals, three farrowing series were needed.
| Diet and feeding regime
The main ingredients of the milk replacer consisted of cow milk products ( Table 1 ). The milk replacer of the ARG treatment was supplemented with 1.20 g l-arginine HCl·kg BW −1 ·day −1 (Evonik Degussa GmbH, Hanau, Germany) based on requirements for suckling piglets given by Wu, Meininger, Knabe, Bazer, and Rhoads (2000) . In contrast, During the experiment about 50 ml of sow milk was collected from 36 hyperprolific sows (litter size >15 total born) of the Agroscope sow herd on day 21 after farrowing. Prior to sampling piglets were removed from the sow for 2 h. To initiate lactation the sows were injected into the neck with 1 ml of oxytocin (Intertocine-S, MSD Animal Health GmbH, Luzern, Switzerland).
| Analysis of sow milk, milk replacer and carcasses
Dry matter contents were determined by drying samples at 105°C for 160 min. Samples were subsequently analysed for total ash content by a thermogravimetric analyzer (Leco TGA-601, Leco Corporation, MI, USA 
| Histochemical analysis of the semitendinosus muscle
Myofibre characteristics of the STM were assessed as previously described by and STM l , and extrapolating these numbers to the total muscle area. 
| Enzyme activity analysis in the semitendinosus muscle
| Determination of the phosphorylation of the mammalian target of rapamycin signalling pathway
To investigate activity of the mTOR signalling pathway, phosphoryla- USA) following the manufacturer's instructions. In the step to detect the total amount of mTOR, the membrane was subjected to a second round of hybridization where the primary antibody was a rabbit polyclonal anti-mTOR (Cell Signal Technology, MA, USA) diluted 1:100 in PBS-T. Results were expressed as ratios of the signal obtained with antiphosphor mTOR and total mTOR antibody respectively. To reduce variability between gels a reference sample was loaded on each gel, and ratios were normalized to the internal gel reference. (Ye et al., 2012) . All primers were synthesized by Microsynth (Microsynth AG, Balgach, Switzerland), and primer accession numbers and sequences are listed in Table S1 . Real-time PCR amplification was conducted using an Eco Illumina (Illumina, CA, USA) and eco software 5.0 (Illumina, CA, USA). The optimal reaction conditions and efficiencies were determined in separate experiments. Eukaryotic translation elon- 
| Gene expression analysis in the semitendinosus muscle
| Statistical analysis
All data were tested for normality of residuals using the Univariate procedure of sas (Version 9.2, SAS Inst. Inc., NC, USA males, females), day or week, and the two-and three-way interactions were included as fixed effects. Litter, nested within farrowing series, was considered as random effect accounting for the dependence between observations within the same litter and animal was used as the experimental unit. As the dietary treatment × sex, sex × day/week and dietary treatment × sex × day/week interactions were never significant probability values of these effects were not presented. For the analysis of the data on feed intake and gain-to-feed ratio, determined per pen, the factor sex was omitted providing dietary treatment, week and the two-way interaction as fixed effects, farrowing series as random effect and pen as the experimental unit. Data on carcass and muscle weight were analysed considering dietary treatment, sex and the dietary treatment × sex interaction as fixed effects, litter nested within farrowing series as random effect and animal as the experimental unit. Data on muscle histology, enzyme activity, phosphorylation of the mTOR pathway and gene expression additionally considered STM portion and corresponding two-and three-way interactions as fixed effects. As the effect of dietary treatment × sex, sex × muscle portion and dietary treatment × sex × muscle portion interactions were rarely significant, these least square means were only reported in the text when p < .10 and probability values were not presented. The PDIFF option with the Tukey adjustment was used to determine differences among treatment groups. Differences were considered statistically significant at p < .05, and tendencies were assumed at .05 < p < .10.
| RESULTS
No difference between the later dietary treatment groups was observed with respect to BtW (CON = 1.180 ± 0.108; CAR = 1.179 ± 0.134; ARG = 1.179 ± 0.198 kg) and ADG from birth to day 7 (CON = 155 ± 38; CAR = 141 ± 42; ARG = 156 ± 40 g/day) resulting in a similar BW on day 7 (Table 2 ). The treatment had no effect on BW, ADG, feed intake and gain-to-feed ratio in any of the weekly assessments. In contrast, measurement day or week (time) had an effect (p < .05) on these four traits as BW, ADG and feed intake increased and gain-to-feed ratio decreased with time. There was no significant dietary treatment × time wxyz Within row, least squares means without a common superscript differ (.5 < p < .10). 
| DISCUSSION
In recent years, the novel measure of artificial rearing of piglets in rescue decks has been introduced and investigated in its suitability to improve survival rate of the increased number of growth-impaired LW piglets from hyperprolific sows Rzezniczek, Gygax, Wechsler, & Weber, 2015) . In alternative rearing strategies such as split-nursing, it is common practice that the largest piglets of the litters are transferred to nursing sows, while the smaller piglets remain with the sow of origin (De Vos, Che, et al., 2014) .
However, as LW growth-impaired piglets appear to be less mature and therefore less vital (Rutherford et al., 2013) , and are prone to get crushed below the sow due to severe starvation (Edwards, 2002) , it is plausible that rearing these piglets in rescue decks will increase the overall survival rate of the litter and ultimately improve production efficiency. In the present study, only one piglet deceased during the trials, which was later replaced to achieve the desired total number of 36 animals. In comparison to previously reported results of conventionally reared piglets, the mortality rate in this study was similar to lower between day 7 and day 28 [2.7% vs. 1.6%-5.0% (Hales, Moustsen, Nielsen, & Hansen, 2014) ], where the main course of death is reported to be crushing by the sow (Edwards, 2002) . In a previous study conducted at the same research station, a very similar approach with artificial rearing was used, but in contrast restricted provision of supplemented milk replacer was applied which was not able to promote growth (Madsen et al., 2014) . Therefore, in the present study ad libitum provision of milk replacer was applied expecting that this would lead to a greater feed intake resulting in a greater growth response of LW piglets and possibly to a greater impact of l-carnitine and l-arginine.
4.1 | Effect of arginine and carnitine, as well as artificial rearing on growth performance Harrell et al. (1993) estimated that pre-weaning growth is limited by at least 40%, due to inadequate secretion of sow milk. In addition, it is also evident that homemade milk replacers previously used in research (Kim & Wu, 2004; Yao et al., 2008) are suboptimal when comparing fat, protein and energy content and amino acid composition of the one used in the present study with the composition of the sow milk analysed (Table 1) . Thus, when daily amount of milk consumed does not differ between artificially reared and suckling piglets, it would naturally result in greater ADG of suckling piglets (Theil et al., 2007) . However, despite the suboptimal milk replacer diet applied in this study, artificial rearing resulted in similar weaning weight when compared with conventionally reared piglets with similar birthweight (6.3 vs. 6.7 kg). This was improved substantially compared with our previous effort with weaning weights <5.0 kg where a restricted feeding regime was applied (Madsen et al., 2014) . This indicates that the capacity of LW piglets to ingest feed during the nursing period exceeds the previously established assumed requirements for daily intake (Kim & Wu, 2004) . In addition, the weaning weight recorded in the present study was comparable to a recent and similar study, where artificially reared LW piglets reached a BW of 6.2 kg at day 28 of age . Still, the positive impact of rescue decks on growth and, thus assumed better welfare, has been questioned by a recent study comparing behaviour between piglets reared in rescue decks and piglets reared by the sow in a loose housed sow system (Rzezniczek et al., 2015) .
Elevating the content of l-arginine from 7 to 11 g/kg in a milk replacer positively affected growth of nursing piglets in the study of Kim and Wu (2004) . In the present experiment, only a numerical improvement of day-28 BW by ARG compared with CAR but not CON piglets was observed. This lack of clear effect could have been due to a suboptimal arginine:lysine ratio, leading to an overall imbalanced amino acid composition which would limit growth performance (D'Mello, 2003) . As shown in two previous studies providing weaners with a diet containing 16 g arginine per kg dry matter even decreased feed intake and ADG (Anderson, Lewis, Peo, & Crenshaw, 1984) , and an increase in arginine from 6.7 to 20.0 g/kg of the diet reduced daily growth (Southern & Baker, 1982) . However, in both studies increased levels of lysine did not ameliorate the adverse effects. In a more recent effort, Getty, Almeida, Baratta, and Dilger (2015) showed that l-arginine supplemented to conventionally reared LW piglets also lead to reduced growth. In all three studies it was concluded that the impaired performance was caused by a general amino acid imbalance rather than arginine-lysine antagonism. In the present study the content of arginine in the ARG diet was 18.7 g/kg accounting for arginine present in the basic milk replacer and the supplement. This was associated with a numerical lower BW on day 28 compared with the CON piglets, and reduced gain-to-feed ratio compared with the CON and CAR group from day 21 to day 28. However, more importantly in the light of the aforementioned amino acid imbalance, a less than optimal arginine:lysine ratio in the milk replacer (1.10) was found when compared with the results of Kim and Wu (2004) (0.48) . Thus, it appeared that the l-arginine recommendations by Wu et al. (2000) for young piglets of 1.08 g kg·BW −1 ·day −1 did not correspond to the requirements of LW piglets from hyperprolific Swiss Large White sows and were not established relative to the lysine content. Regarding CAR piglets, growth performance did not differ from the CON group at all. This was expected as this supplement was included to promote post-natal hyperplasia and not growth performance as shown by Lösel et al. (2009) .
| Effect of arginine and carnitine on myofibre properties and activation of muscle protein synthesis
It has been shown that a daily oral dosage of l-carnitine given to conventionally reared LW piglets promoted post-natal hyperplasia in the suckling period (Lösel et al., 2009 ). However, recently the same research group did not find any difference in TNF in the STM of pigs slaughtered at day 166 of age, which received daily either a placebo or an oral dosage of l-carnitine in the nursing period (Lösel & Rehfeldt, 2013) . The discrepancy between the results on TNF obtained at weaning and at slaughter was to their mind explained either by a greater TNF at weaning as a consequence of an actual third wave of hyperplasia or by an elongation of already existing intrafascicularly terminating myofibres. The latter might also explain the numerical difference of TNF between dietary treatments found in the present study. It has been suggested that the embryonic MyHC isoform is a biomarker for post-natal hyperplasia showing peak upregulation at day 63 of gestation (Da Costa, McGillivray, & Chang, 2003) , the time where secondary myofibre formation is completed (Swatland, 1973 (Gambke & Rubinstein, 1984) .
Although no difference in myofibre hypertrophy or muscle weight was found between dietary treatments, some of the present results suggest the presence of an induced activation of the protein synthesis pathway. Mammalian target of rapamycin is a member of the phosphoinositide 3-kinase-related kinase family, and is a signalling pathway involved in coordinating cell growth and division in response to growth factors, nutrient and energy status of the cell (Wang & Proud, 2006 (Foster & Fingar, 2010) . In the present study, the latter was investigated for its extent of phosphorylation. Among other pathways, mTOR is essential in muscle tissue catabolism. In the present study, a numerically increased mTOR phosphorylation was observed in the STM l of ARG relative to CON piglets. This observation is to some extent in agreement with a previous study, which showed that an elevated level of l-arginine resulted in increased phosphorylation of mTOR on residue Ser 2448 , and improved growth performance of early-weaned milk replacer fed piglets (Yao et al., 2008) . Furthermore, also l-carnitine was found to elicit an enhanced mTOR phosphorylation on Ser 2481 in the STM l , similar to an effect observed in rat muscle (Keller, Couturier, Haferkamp, Most, & Eder, 2013) . In that, and in a previous study investigating l-carnitine supplementation of pigs, no changes in BW nor muscle weight were observed (Keller et al., 2012) . In contrast, l-carnitine has in several species including pigs, chickens and rats been proposed to increase protein accretion through increasing circulating levels of insulin-like growth factor 1 (IGF-1), an anabolic hormone indirectly involved in mTOR activation (Ringseis, Keller, & Eder, 2013) . On the molecular level, the expression of the RPS6KB1 gene was numerically greater in the STM l of the present ARG group compared with CAR piglets. This gene encodes the S6K1 kinase enzyme and has a functioning role in the mTOR signalling pathway acting downstream of mTOR (Wang & Proud, 2006) , and it is directly involved in protein synthesis in muscle (Kimball et al., 2000) . Thus, this might link the observation of a numerical increased phosphorylation of mTOR with increased RPS6KB1 expression in the STM l of the present ARG piglets.
| Effect of arginine and carnitine on the maturation process of the muscle
l-arginine and l-carnitine supplementation have separately shown to affect muscle maturation by a premature shift from oxidative to glycolytic metabolism in STM of early-weaned LW piglets (Madsen, Kreuzer, & Bee, 2016) . A similar finding was reported in LW pig- Although not related to muscle maturation, the enhanced HAD activity found in the STM of CAR compared with CON piglets is consistent with the function of l-carnitine acting as a transporter of long chain fatty acids into the mitochondria for energy production via betaoxidation, where HAD acts as a catalyst (Wakil, Green, Mil, & Mahler, 1954) . In contrast to that, on the molecular level results from the present study suggest that the individual supplements act differently in the two STM portions, displaying different mechanistic properties related to the expression of MyHC isoform genes. Increasing age and muscle maturity is in general associated with a shift towards fast glycolytic metabolism with the dominating myofibre types being type IIX and IIB (Chang & Fernandes, 1997 (Pette & Staron, 2000) , it is appears that in the present study l-carnitine promoted maturation in the STM d . Although not displaying significant differences, LDH and LDH:CS ratio were numerically greater in the STM d of CAR than CON pigs.
A sex effect and dietary treatment × sex interactions were found concerning the metabolic properties and at the gene expression level of the muscle. Most interestingly, males compared with females, were more affected by l-carnitine in the STM d in its target pathway catalysed by HAD. Furthermore, males appeared to rely more on the oxidative than the glycolytic metabolism in the STM l compared with females.
The lower LDH:CS ratio, an indicator of muscle maturity (Lefaucheur, Ecolan, Barzic, Marion, & Le Dividich, 2003) , suggests that at day 28
of age, the muscles of the males were less mature than those of the females. In addition, on the molecular level the potential for protein synthesis appeared to be more pronounced in males supported by the greater expression of RPS6KB1.
| CONCLUSION
In conclusion, there were a few responses in indicators of protein synthesis of the lightweight piglets from large litters to l-carnitine (enhanced mTOR phosphorylation in the STM l ) and l-arginine (expression of a gene involved in protein synthesis in STM l ). However, different from previous studies, the concentrations of l-arginine and l-carnitine chosen to be supplemented to a quite common type of milk replacer did not elicit the expected effects on growth performance of earlyweaned LW piglets even when offered at ad libitum access. One explanation for the lacking effect could be that the requirements are not up to date with current genotypes of LW piglets from hyperprolific sows. Another and more likely explanation is that the milk replacer was not only lacking arginine, but possibly also other amino acids like lysine in comparison with sow milk. Thus, the approach of only supplementing arginine would lead to an amino acid imbalance. Further research should focus on a more holistic strategy concerning the entire amino acid composition of milk replacers. The high survival rate observed in this study suggests that applying rescue decks can be an important measure to reduce losses of piglets from large litters during the mid to late nursery phase.
